An in vitro experiment was performed to determine if biofilm would develop when polyvinylchloride (PVC) test coupons (material used for poultry waterlines) were exposed to low bacterial content warm water (≤1000 cfu/mL, test water) and also to determine if biofilm development would be influenced by adding a sanitizer. PVC sections 2.54 cm long and internal diameter of 1. 90 cm were used as test coupons to grow biofilm. Two coupons were immersed in 600 mL test water in a beaker. Nine beakers were utilized similarly with a total of 18 coupons. Three beakers (T1) were treated with a chlorine (Cl) based product (targeted to produce 2 to 4 ppm residual) and the other 3 (T2) with hydrogen peroxide a (HP) based product (targeted to produce 25 to 50 ppm residual). Three untreated beakers served as controls (T3). All beakers and coupons were placed into a water bath shaker under warm and moving water conditions mimicking poultry brooding conditions. Coupons and test water were sampled for treatments for aerobic plate count (APC). Trial 1 used test water with zero cfu bacteria/mL initial APC, whereas the Trial 2 test water initial APC was 3 log 10 cfu/mL. Test water samples and coupons had no bacterial growth for all treatments on sampling occasions for Trial 1. In Trial 2, T3 (control) and T2 (HP treated) had APC growth in both test water (2.5 to 3.0 log 10 cfu/mL) and on coupons (2 to 2.5 log 10 cfu/cm 2 ) on sampling d with no difference (P > 0.05) between these treatments. Whereas, T1 (Cl treated) eliminated bacteria (zero cfu/mL) in test water and inhibited biofilm growth on test coupons (≤0.2 log 10 cfu/cm 2 ) during sampling d (P < 0.05). This experiment showed that biofilm can develop in minimally contaminated water even in the presence of sanitizers, yet chlorine was more effective than hydrogen peroxide in limiting this development.
INTRODUCTION
Maintaining drinking water quality for poultry is an important nutritional aspect as birds consume water at twice the level of feed. Various factors such as the microbial level, pH, mineral content, hardness, or organic matter load determine the quality of water and each of these should be within an acceptable range to ensure the quality of water. Unless the quality of supplied drinking water to poultry is guaranteed, achieving the growth and feed efficiency potential provided by intensive genetic selection, ideal grow-out environments, and optimal nutrition programs becomes a challenge. In many cases, poultry farms experience poor flock performance or health related issues in several flocks for no obvious reasons and often the issues are traced to the water supply. While the introduction of enclosed water C 2017 Poultry Science Association Inc. Received August 1, 2016. Accepted January 10, 2017. 1 Corresponding author: pmaharja@uark.edu systems such as nipple drinkers during the early 1990s revolutionized the industry by dramatically improving water quality, unfortunately the industry became complacent with water system sanitation, primarily because this type of system removed water supplies from being visually inspected. Since then, more has been learned about biofilms and their role in creating microbial populations, which survive and thrive within water lines and drinker systems and create health challenges that are not easily addressed.
Biofilms are complex communities of different species of enclosed microbial cells cooperating with one another for survival and are firmly attached to hydrated surfaces (Davey and O'toole, 2000; Xavier and Foster, 2007) . Microorganisms that form biofilms are different from their free-living counterparts in terms of growth rate and composition and show increased levels of resistance to biocides (Donlan, 2002; Prakash et al., 2003) .
Biofilm development in poultry water systems plays a crucial role in harboring pathogens (Wingender and Flemming, 2011) , which can be a challenge for poultry.
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Many studies have shown that microbes are capable of forming biofilm in poultry water systems (Buswell et al., 1998; Marin et al., 2009; Trachoo et al., 2002) . Microbial biofilms are formed in drinker lines in poultry houses over time due to gradual accumulation of various minerals, dirt, rust, and algae. Birds, particularly chicks, remain vulnerable to microbial challenges from biofilm (Zimmer et al., 2003) . Further, biofilms clog water pipes and filters, and thus, restrict water flow, which can lead to poor flock performance (Watkins, 2006; Fairchild and Ritz, 2009) .
Poultry waterlines, a major portion of poultry water systems, are constructed using polyvinylchloride (PVC) material. PVC surfaces are subject to biofilm formation (Pederson, 1990) . It was observed that there is bacterial growth of more than 4 log 10 cfu/cm 2 under a poultry brooding situation if water supply is sub optimal (APC > 4 log 10 cfu/mL) (Maharjan et al., 2016) . Biofilm can form in water systems even when the water supply is clean, potable, and treated (Van der Wende et al., 1989; Percival and Walker, 1999) . In this experiment, the main objective was to understand if biofilm would still develop and at what rate in waterlines of farms supplied with clean and potable water that has low bacterial content (≤3 log 10 cfu/mL) and under treated conditions, especially when barn house is warm.
MATERIALS AND METHODS
Two trials, Trial 1 and Trial 2, were conducted. Trial 2 was a repetition of Trial 1. Any differences in methods executed in Trial 2 but not in Trial 1 are stated.
Characterization of Test Water used for Growing Biofilm
Two US gallons (one gallon = 3.78 L) of well water were collected from a commercial poultry farm in a clean 5-gallon bucket and left for 48 h until no chlorine residual was detected. Once zero ppm free chlorine residual was achieved, the water was tested for microbiological, mineral, and other parameters to characterize the type of water used to grow biofilm (Table 1 and Table 2 ) for both the trials. Test water was distributed into 9 sterile glass beakers (Pyrex, Cole Parmer Distributor. IL), each containing 600 mL water. 
Test Coupons
Sterile PVC pipe sections of dimension 2.54 cm long and internal diameter of 1.90 cm (this is the dimension of commercial poultry waterlines) were used as biofilm test coupons. Prior to use, the coupons were cleaned by washing with commercial detergent (that had sodium lauryl sulfate as a cleaning agent) using municipal water to clear the organic and inorganic debris present in the test coupons, and the test coupons were air dried, then dipped in 70% isopropyl alcohol for 15 min, dried, and then steam autoclaved (121
• C, 15 psi for 15 min) in order to sterilize them. After the coupons were autoclaved and cooled to room temperature, 2 coupons were immersed in each of the 9 beakers.
Sanitizer Application
Three beakers each were randomly assigned to treat with a chlorine based product (CBP) (8.25% sodium hypochlorite) and a hydrogen peroxide (HP) based product (30% concentrate) at the dosing rate applied when birds are present in the barns. First, the stock solutions were prepared for each of the sanitizers before they were treated with test water.
Preparation of CBP Stock Solution and Test Solution. 65 mL of fresh CBP stock solution was created by mixing one mL of the product with 64 mL of deionized water. Next, 4.68 mL of stock solution was added to 600 mL of test water in a beaker for 3 beakers with coupons to prepare a 1:128 ratio test solution (Treatment [T] 1).
Preparation of HP Based Product Stock Solution and Test Solution. Sixty-five mL of fresh HP based product stock solution were prepared by mixing one mL of the product with 64 mL of deionized water. Next, 4.68 mL of stock solution were added to 600 mL of test water in a beaker for 3 beakers with coupons to prepare a 1:128 ratio test solution (T2).
The remaining 3 untreated beakers with coupons served as control (T3). All beakers were sealed with aluminum foil to retard the rapid loss of free chlorine or hydrogen peroxide residual concentration from test solutions. Sanitizers were treated twice in Trial 1 (d one and d 4) and three times in Trial 2 (d 1, d 4, and d 7). Free chlorine and hydrogen peroxide residuals were measured in test water during test water and test coupons sampling occasions using test strips (WaterWorks TM , Ben Meadows, Janesville, WI).
Incubation of Coupons in Water Bath Shaker
All the treatment beakers including control were transferred into a shaking water bath (Heto Maxi Shake, Laurel, MD) and beakers were incubated 7 d for Trial 1 and 10 d for Trial 2, to induce biofilm growth. The shaker was set at 40 rpm throughout the trial period (agitating beakers in a linear forward and backward direction) that provided a gentle movement of water inside the beakers, and across coupons to simulate water in poultry waterlines. Water temperature in the shaker was held at 32.2
• C on d one of the experiment, and then it was lowered one
• C each d until d 7 to mimic water temperatures in waterlines in a typical brooding house. Trial 2 was run until d 10, and after d 7, the water temperature was reduced by only half a
• C per day. 
Test Water and Test Coupons Sampling
Test solutions were sampled for all treatments on d 3 and d 7 for Trial 1, whereas for Trial 2
Bacterial Enumeration Procedures
Test solution. This was performed following a standard plating technique using petrifilm (3M TM Petrifilm, St. Paul, MN). One milliliter of test solution was directly plated on the petrifilm and another milliliter was subjected to serial dilutions. Serial dilutions, up to 5th dilution level for APC, was performed by diluting one mL of test solution in 9 mL of sterile Buffer Phosphate Diluent (BPD) and then vortex mixing the solution for 10 seconds. At each dilution level, the plating was performed in duplicate to get the average bacterial count. Enumeration (in colony forming units [cfu] ) was carried out after 48 h of incubation at 30
• C for APC. Test Coupons. The coupons were rinsed to remove the unattached heterotrophic/planktonic cells by aseptically transferring the coupon into a sterile whirlpack bag containing 30 mL of sterile Butterfield Phosphate Diluent (BPD) and then gently shaking and massaging the coupon-BPD mixture back and forth for 15 seconds. Next the coupon was removed from the BPD solution and the interior of the coupon swabbed to remove the biofilm.
Technique Followed for Swabbing Test Coupons. This method of biofilm recovery is similar to swabbing methods discussed in other studies (Gibson et al., 1999; Assere et al., 2008) . The coupons were swabbed using a sterile cellulose sponge dipped in 25 mL of sterile BPD. The entire inner surface of the coupon was swabbed in a clockwise manner for 2 360-degree rotations and was performed by the same individual for all test coupons swabbed. The sponge was held with sterile forceps during this procedure. After swabbing, the sponge was returned to the BPD solution and the swab/solution was placed in the vortex for 15 s using a vortex mixer (IKA, Rose Scientific, Edmonton, Alberta, Canada). After the completion of the vortex mixing, the solution was used for bacterial enumeration following the technique used for test solution plating.
Data Analysis
All bacterial counts were converted to log 10 prior to analysis to normalize data distribution. Results were analyzed using the GLM procedure of SAS (SAS R 9.3 Inc. Cary, NC). Means that were significant at the P < 0.05 levels were separated using the Least Square Means test.
RESULTS

Free chlorine and hydrogen peroxide residuals
Free chlorine and hydrogen peroxide residuals recorded in test solution for Trial 1 and Trial 2 are given in Table 3 and Table 4 , respectively. In Trials 1 and 2, CBP (T1) produced the free residual concentration in test solution of 2 to 3 ppm after the product was introduced, whereas post 72 h of the product application, the free chlorine residual in test solution reduced to less than 0.5 ppm for Trial 1 and less than 0.25 ppm for Trial 2. Similarly, the HP based product (T2) produced the hydrogen peroxide residual concentration in test solution of more than 50 ppm immediately after the product was introduced for both the trials, whereas post 72 h, the peroxide residual concentration in test solution decreased to less than 25 ppm.
Microbial results
Trial 1. Bacteria were not detected in test water solutions, and biofilm cells were not recovered on test coupons sampled during either sampling occasion on d 4 and d 7.
Trial 2: Figure 1 and Figure 2 give the average APC recorded for test water and test coupons during sampling days. For test water samples, APC fluctuated between 2.5 and 3.5 log 10 cfu/mL during sampling dd 3, d 7, and d 10 with T2 and T3, and was not different in counts between them (P > 0.05). Whereas with T1, APC was absent for all sampling days. For test coupons samples, APC recorded was between 2.17 and 2.4 log 10 cfu/cm 2 during sampling days -d 7 and d 10 with T2 and T3, and was not different in counts between them (P > 0.05). Whereas with T1, the count was less than a log 10 cfu/cm 2 , significantly lower than T2 and T3 (P < 0.05).
DISCUSSION
In this study, the chlorine and hydrogen peroxide residual concentrations measured over time in test solution were similar to the residual concentrations recorded in other studies; however, the water used in those studies had sub optimal microbial quality (APC > 4 log 10 cfu/mL) (Maharjan et al., 2015a,b) . The residual concentration of 25 to 50 ppm of hydrogen peroxide and 2 to 5 ppm of free chlorine in drinking water is typical target concentration aimed to effectively decontaminate the microbial population in water for poultry drinking purpose (Watkins, 2006; Watkins, 2009) . The HP based product and CBP tested in this study met the effective residual concentration ranges immediately after the product application, yet there was a tendency to fall below these ranges by 72 h for both the products. This study found an increased efficacy of chlorine as compared to hydrogen peroxide to control microbes or inhibit biofilm formation as observed in other studies (Maharjan et al., 2015a,b; Miettenen et al., 1998) . Biofilm formation rate on test coupons noticed with HP treated water was similar to the level of biofilm formation on test coupons with untreated water, possibly due to microbial regrowth in HP treated water (Miettenen et al., 1998) .
Temperature affects the efficacy of sanitizers, generally a higher temperature of water requiring greater oxidizing residual concentration of sanitizers being used to decontaminate the same load of microbes (Ndiongue et al., 2005) . Temperature of water also affects the rate of biofilm growth, with more biofilm activity falling by ∼50% at 7
• C than at 17 • C (Hallam et al., 2001) . A study reported higher biofilm forming capability of virulent Legionella pneumophila (cultured from potable tap water) on chlorinated PVC surfaces at 40
• C than at 20
• C (Rogers et al., 1994) . These studies indicate that warmer water temperatures favor rapid biofilm growth. Therefore, this experiment was challenged in warm water temperatures to understand efficacies of the sanitizers in a real-world scenario that a brooded barn might experience.
Even though this study did not consider the individual species present in water and their biofilm forming ability, many studies have reported that different bacterial species potentially found in drinking water are capable of forming biofilm on PVC surfaces. At 32
• C Listeria monocytogenes has been shown to form biofilm on PVC microtiter plates in less than 2 d (Djordjevic et al., 2002) and under various growth conditions (Moltz, 2005) . Representative bacteria isolated from human drinking water such as Acinetobacter calcoaceticus and Staphylococcus spp. were reported to have strong and moderate adhering capability on PVC surfaces (Simoes et al., 2007) . Poultry specific endemic pathogens like Campylobacter easily thrive in poultry drinking water (Cools et al., 2003) , and thus form biofilm in drinker lines that pose a threat of Campylobacter colonization to chickens (Gregory et al., 1997; Sparks 2009 ). Salmonellosis in chickens has been traced from various water sources including biofilms that are present in water tanks and drinkers (Marin et al., 2009 ). The findings of this experiment demonstrate that under conditions simulating a warm poultry brooding environment, biofilm can still develop in minimally contaminated water even in the presence of sanitizers. Therefore, it becomes imperative that industry practices consistent water sanitation programs at the early flock grow-out period to maintain water system hygiene and as an approach towards producing diseasefree flocks.
